Context: Age at diagnosis has been identified as a major determinant of thyroid cancer-specific survival, with older patients being at higher risk for mortality, but the association of age with risk of recurrence has not been studied to date.
A ge at diagnosis has been identified as a major determinant of thyroid cancer-specific survival, with older patients being at higher risk for mortality (1) (2) (3) (4) (5) (6) . Whereas the association between advanced age and poorer survival is common for many types of cancer, well-differentiated thyroid carcinoma is the only human malignancy to include age as part of the American Joint Committee on Cancer (AJCC) staging system. Although it has become increasingly clear that there is no specific age cutoff that predicts prognosis (7, 8) and that the association between advancing age and worse outcomes is better represented as a continuum (9) (10) (11) (12) , most thyroid cancer-staging systems (3, (13) (14) (15) (16) (17) (18) ) incorporate a patient's age as a dichotomous variable. With the recognition of the overall good prognosis of well-differentiated thyroid carcinoma, the AJCC staging system recently changed the age cutoff from 45 to 55 years to provide more appropriate risk stratification (13) .
The AJCC/tumor, lymph node, and metastasis system is optimized to predict survival in patients with cancer. However, the predicting of the risk of recurrence may be equally important in all stages of the disease. Advanced forms of thyroid cancer constitute between 5% and 10% of thyroid cancers, but they account for approximately one-third of all thyroid cancer-related deaths (19) (20) (21) . The revised American Thyroid Association (ATA) guidelines combined surgical findings with pathologic characteristics of the tumor to create a staging system for use in all patients with thyroid carcinoma to help predict the risk of recurrent/persistent disease in this population (22) . According to the ATA risk stratification system, the high-risk group comprises patients with macroscopic invasion of the tumor into perithyroidal soft tissues, incomplete tumor resection, presence of distant metastases, postoperative serum thyroglobulin (Tg) suggestive of distant metastatic disease, pathologic N1 disease with any metastatic lymph node $3 cm in largest dimension, and follicular thyroid carcinoma with extensive (greater than four foci) vascular invasion. Interestingly, the ATA risk stratification system does not include age as a predictor of recurrence. Previous reports demonstrate that the ATA high-risk category has a remission rate between 15% and 30% (23) (24) (25) and a 16% mortality risk (24) . However, from clinical experience, it appears that young patients, even when classified initially at ATA high risk of recurrence, have much better outcomes than the statistics presented previously, specifically, better remission rates and disease-specific survival than older patients.
Therefore, because no studies to date have particularly focused on the effect of age on risk of recurrence and mortality in ATA high-risk patients, we hereby describe the natural history and prognostic factors associated with recurrence and disease-specific survival in a large cohort of high-risk thyroid cancer patients. We hypothesize that the risk of recurrence and mortality differ by age at presentation within the ATA high-risk category; specifically, that young patients have a lower risk of recurrence and better overall survival than older patients. This difference may justify the incorporation of age as a variable in the next iteration of the ATA risk stratification system with the purpose of improving its ability to predict recurrence and providing additional insight into the age-adjusted mortality in high-risk patients.
Subjects and Methods

Subjects
After obtaining Institutional Review Board approval, we used the hospital's electronic search engine to identify patients who had a total thyroidectomy for a follicular cell-derived thyroid carcinoma between January 2005 and December 2010 and that fit the criteria for classification into ATA high risk of recurrence that included any of the following: macroscopic tumor invasion, incomplete tumor resection with gross residual disease (R2), any metastatic lymph node larger than 3 cm in size, extensive vascular invasion (more than four foci), presence of distant metastases, or a postoperative Tg level suggestive of distant metastatic disease (22) . We chose to include patients operated on between 2005 and 2010 to ensure appropriate clinical follow-up when the majority of recurrences would occur. Of the 728 unique patients retrieved by the electronic search, we excluded 408 for the following reasons: 229 were intermediate or low-risk patients, 33 had inadequate information for initial staging, two had concurrent papillary and medullary or anaplastic thyroid carcinoma, and 144 had incomplete follow-up information. All 320 patients included in the study were receiving thyroid-stimulating hormonesuppressive therapy and had at least one neck ultrasound performed at our center after initial therapy during the first 2 years of follow-up (most had two or more cross-sectional imaging evaluations) and two or more serum Tg and Tg antibody (TgAb) determinations obtained while on levothyroxine suppression. A stimulated Tg value was not a requirement for inclusion in the study but was available in 82% of the patients. We used age at the time of total thyroidectomy as a cutoff to define the two groups: old $55 years; young ,55 years. 
Laboratory studies
Clinical outcomes
Response to therapy was defined as the overall treatment outcome of patients as opposed to the evaluation of response to individual treatment modalities. Patients were considered to have an excellent response to therapy or no clinical evidence of disease (NED) at final follow-up if they had a suppressed serum Tg , 0.2 ng/mL, no detectable TgAb, and no structural evidence of disease. Patients with suppressed Tg values $1 ng/mL; stimulated Tg values $10 ng/mL; or any evidence of disease on cross-sectional imaging (ultrasound, computed tomography scan, or magnetic resonance imaging), functional imaging (radioiodine scan or 18-fluorodeoxyglucose-positron emission tomography scan), or biopsy-proven disease (cytology or histology) were considered as having persistent disease. Patients with nonspecific imaging findings; nonstimulated Tg, detectable but ,1 ng/mL; stimulated Tg, detectable but ,10 ng/mL; or anti-Tg antibodies, stable or declining in the absence of structural or functional disease, were classified as having an indeterminate response to therapy. Patients with persistent disease were further classified as having either biochemical evidence of disease (elevated, suppressed Tg $1 ng/mL, stimulated Tg values $10 ng/mL, or rising anti-Tg antibodies without a structural correlate) or structural evidence of disease on imaging (regardless of Tg or anti-TgAb levels). Patients were considered to have structural evidence of disease if any of the following conditions were met: (1) positive cytology/histology (2) highly suspicious lymph nodes or thyroid bed nodules on the neck US (hypervascularity, cystic areas, heterogeneous content, rounded shape, or enlargement over time), or (3) evidence of metastatic disease on radioactive iodine (RAI) scans, 18-fluorodeoxyglucosepositron emission tomography scans, or other cross-sectional imaging studies. A recurrence was defined as new biochemical (suppressed Tg $1 ng/mL and/or stimulated Tg $10 ng/mL), structural, or functional evidence of disease that was detected following any period of NED.
Cause of death was attributed in the majority of patients by reviewing the patient's death note, death certificate, or events that led to the patient's demise. All patients with a structural incomplete response to therapy died of thyroid carcinoma (disease-specific mortality), and all patients with an excellent response at final follow-up died of causes unrelated to thyroid cancer.
Statistical methods
Statistical analyses were carried out using STATA Statistical Software v12 (StataCorp, College Station, TX). Student's t test was used to compare continuous variables when normally distributed, and the Mann-Whitney test was used to compare medians of variables not normally distributed. Pearson's x 2 test was used to examine categorical variables with Fischer's exact test when appropriate. To examine the effect of age on response to therapy, we used multivariate logistic regression models. Recurrence and mortality were analyzed using survival analysis. Kaplan-Meier curves were built, and the log-rank test was used to assess for significance of the surviving function. P , 0.05 was considered statistically significant.
Results
The demographic, clinical, and pathologic characteristics of 320 patients at ATA high risk of recurrence are outlined in Table 1 . The majority of patients had papillary thyroid carcinoma (67.8%), they were women (57.5%), and they had a median age of 49.3 years (range 6.8 to 82.4). Seven patients were younger than 18 years. There was a large proportion of patients with poorly differentiated thyroid carcinoma (21%), with extensive vascular invasion (56.3%), with extrathyroidal extension (94%, both minor and gross), and with incomplete tumor resection (31%; R1 and R2). Approximately one-third of the patients had N1b disease (35.1%). Even though all 320 patients were at ATA high risk of recurrence, the majority of patients (59%) were classified as having stage I disease, considering the 8th Edition of the AJCC staging system. Almost every patient was treated with RAI (98.4%), with a median cumulative activity of 150 mCi (0 to 1085 mCi), and a large percentage of them (21%) received external beam radiation therapy to the neck.
Response to therapy
After a median follow-up of 7 years (range, 0.13 to 17 years), 113 of 320 patients (35.3%) had achieved an excellent response to therapy NED. A total of 148 patients (46.3%) had persistent/recurrent disease at final follow-up (20.3% since presentation), the majority had a structural incomplete response (n = 130; 41%), and only 6% (n = 18) had a biochemical incomplete response (Table 2) .
Age was a major determinant of response to therapy. There was a significantly larger percentage of excellent responders among young patients (age , 55) than among old patients (age $ 55), 40.3% vs 27.5%, P = 0.002, respectively, whereas the proportion of structural incomplete responders was higher in the old group compared with the young group, 53% vs 33%, P = 0.002, respectively ( Table 2) .
To understand the reasons underlying this different response to therapy by age, we explored demographic, clinical, and pathologic characteristics of structural incomplete responders stratified by age (Supplemental Table 1 ). Within the structural incomplete responders, older patients were enriched with poorly differentiated thyroid carcinomas (49% vs 30%, P = 0.002), whereas younger patients had a larger proportion of papillary thyroid carcinomas (67% vs 36%, P = 0.002). Gross extrathyroidal extension and extensive vascular invasion did not differ between the two age groups, but old patients had significantly larger tumors than young patients (4.5 vs 3.3 cm, P = 0.03). More patients in the young group had a neck dissection performed than in the old group (67% vs 36%, P , 0.001). Median cumulative dose of RAI did not differ between the two age groups, but median Tg at final follow-up was significantly higher in old patients compared with young patients (223 vs 14.5 ng/mL, P = 0.03, respectively). In a multivariate model, age was an independent predictor of structural incomplete response to therapy when adjusted by tumor type, tumor size, vascular invasion, extrathyroidal extension, metastatic disease, and neck dissection performed, odds ratio, 1.02; 95% confidence interval, 1.002 to 1.04; P = 0.029.
Natural history of ATA high-risk patients
A total of 65 out of 320 patients (20.3%) had persistent structural disease despite initial therapy (defined as surgery plus any adjuvant radiotherapy, including RAI alone and/or external beam radiation therapy): 43 patients had distant metastases (13.4%), 18 patients had persistent cervical nodal metastases (5.6%), and 4 patients had both local and distant persistent disease after initial therapy (1.25%).
Of the 255 patients who did not have structural persistent disease after initial therapy, 32.2% had a structural disease recurrence discovered at a median of 2.2 years: 74 patients (29%) had a local recurrence discovered at a median of 2.1 years (range, 1.2 to 3.3 years), and 56 patients (22%) had distant metastatic disease discovered at a median of 2.4 years (range, 1 to 5 years). Patients who developed distant metastases were significantly older than those who did not [median age 58 (50 to 63) vs 42.3 years old (33 to 58), P , 0.001] and included a higher proportion of poorly differentiated thyroid carcinomas than those who did not (46% vs 9.2%, P , 0.001). Our cohort had 13 patients (4%) with high-risk follicular thyroid carcinoma. Despite an expected high frequency of hematogenous spread in these tumors, only two patients developed distant metastatic disease at final follow-up.
The most common site of first distant metastasis was the lung (n = 72, 70.6%), followed by the combination of lung and bone (n = 13, 13%), followed by bone (n = 12, 12%). Less common sites were brain (n = 3, 3%), orbit (n = 1, 1%), and liver (n = 1, 1%). There was no statistically significant difference in the distribution of metastases by age, although young patients tended to have more lung metastases, whereas old patients tended to have more bone metastases (P = 0.289) (Supplemental Table 2 ). Table 3 shows that one-third of the patients at ATA high risk of recurrence developed distant metastatic disease (n = 102, 32%). Approximate one-half of these (46%) were discovered before or at the time of thyroid cancer diagnosis, whereas the other one-half developed metastases after initial therapy (54%) at a median time of 2.4 years. Twenty-five percent of young patients had metastases discovered at the time of their initial radioiodine scan, whereas 24% of old patients presented with metastatic disease before thyroidectomy. A larger proportion of old patients metastasized after initial therapy (59% vs 48%, P = 0.042). Older patients did so at a Fisher's exact P = 0.042.
Abbreviation: IQR, interquartile range.
median time of 2 years compared with 3 years for younger patients.
Mortality
A total of 57 of 320 patients (17.8%) died after a median follow-up of 7 years (range, 0.13 to 17 years). Forty-eight of these patients (84%) had a structural incomplete response at final follow-up, 3 (5%) had a biochemical incomplete response, 3 (5%) had an indeterminate response, and 3 (5%) had an excellent response to therapy. All 48 patients with a structural incomplete response to therapy died of thyroid cancer, so the disease-specific mortality was 15% in the entire cohort. Two patients with a structural incomplete response to therapy had widely metastatic, poorly differentiated thyroid carcinoma and died within 3 months of their thyroid surgery. The three patients with an excellent response to therapy died for reasons unrelated to thyroid cancer: one patient, diagnosed at age 58, died of metastatic renal cell carcinoma, one patient, diagnosed at age 68, died of a rectal bleed as a result of metastatic endometrial carcinoma, and one patient, diagnosed at age 75, died of a myocardial infarction.
High-risk patients who died (n = 57) were older (median age 63.4 vs 44.6 years, P , 0.001) and had a higher proportion of poorly differentiated thyroid carcinoma (52.6% vs 14%, P , 0.001), gross extrathyroidal extension (41% vs 31%, P , 0.001), extensive vascular invasion (81% vs 51%, P , 0.001), and distant metastatic disease (37% vs 10%, P , 0.001) than those patients who remained alive (n = 263). Interestingly, a lower proportion of patients who died had a cervical neck dissection compared with those who remained alive (31.6% vs 63.5%, P , 0.001).
Age was a key predictor of overall and disease-specific mortality. Whereas 40 of 124 (32.3%) old patients died in this high-risk cohort, only 17 of 196 (8.7%) young patients died (P , 0.001) after a median follow-up of 7 years. Figure 1 shows that the ATA response to therapy classification was able to predict mortality. In this sense, structural incomplete responders had a 10-year survival rate of 28%, whereas excellent responders, biochemical incomplete responders, and indeterminate responders all had survival rates at 10 years above 85%. When age was taken into account, survival of this high-risk cohort was very different for young vs old patients (Fig. 2) . At 10 years, only 12% of structural incomplete responders were alive if their age at surgery was $55 years, compared with 74% of structural incomplete responders if their age at surgery was younger than 55 years old. There was a 65% to 95% survival rate at 10 years for excellent, biochemical incomplete, and indeterminate responders if their thyroidectomy was done after 55 years of age, compared with 99% survival for the same categories if the surgery was done before 55 years of age [ Fig. 2(a) and 2(b) ].
When survival was analyzed by the timing of distant metastatic disease appearance, we found that patients who presented with distant metastatic disease before or at the time of initial surgery or first RAI scan had an ;50% survival at 10 years [ Fig. 3(a) ]. Those patients who had distant metastatic disease discovered after their initial therapy died later, but this difference disappeared after 10 years of follow-up. In contrast, patients at high risk of recurrence, who never developed distant metastatic disease, had an 85% survival, even after 17 years of followup [ Fig. 3(a) ].
When mortality by timing of metastases was stratified by age, we found that old patients who presented with metastases before thyroidectomy had a 10-year survival of 28% compared with 75% for young patients, P , 0.001; old patients who presented with metastases after initial therapy had a 10-year survival of 50% compared with 75% for young patients, P , 0.001; and old patients who never developed distant metastases had a 10-year survival rate of 77% compared with 99% for young patients, P , 0.001 [ Fig. 3(b) and 3(c) ].
Discussion
In this study, we demonstrate that age at diagnosis is a key predictor of recurrence and mortality in ATA highrisk patients. We found that within the ATA high-risk https://academic.oup.com/jcemcategory, young patients had a higher likelihood of achieving a complete remission (NED) (40% vs 28%, P = 0.02, respectively), whereas older patients had a higher probability of having persistent disease at final follow-up. Furthermore, age was an independent predictor of disease-specific survival. In this sense, ATA high-risk young patients with a structural incomplete response to therapy had a significantly better survival than old patients in the same group (74% vs 12%, P , 0.001, respectively). Age has been recognized as a major determinant of cancer-specific survival in patients with follicular cell-derived thyroid carcinoma. Its prognostic ability to predict disease-specific mortality independently has led to the incorporation of a patient's age as a dichotomous variable in all major thyroid cancer-staging systems [14] [15] [16] [17] [18] . These staging systems have been designed to predict survival, but in an indolent disease, such as thyroid carcinoma, with generally low mortality rates, a system that predicts recurrence rather than survival becomes equally relevant at the time of evaluating overall prognosis. Interestingly, the ATA risk stratification system that is widely used to predict recurrence in all stages of the disease does not incorporate age as a predictive variable.
The aim of this study was to examine the effect of age on response to therapy. We selected a cohort of high-risk thyroid cancer patients to have an appropriate number of structural incomplete responders and death events. We found that age was a major predictor of response to therapy, such that the proportion of structural incomplete responders at final follow-up was significantly larger among old patients than among young patients (53% vs 33%, respectively). This difference, in response to therapy, likely drove the difference that we found in mortality rates by age. Whereas 32.3% of old patients died in this ATA high-risk cohort, only 8.7% of young patients died after a median follow-up of 7 years.
Previous reports that included patients at all risks of recurrence have validated the clinical applicability of the ATA risk stratification system (23) (24) (25) (26) . The high-risk group in these studies had a remission rate between 14% and 31%. We found that the overall remission rate of our high-risk cohort was compared with previous studies, with 35 .3% of our patients achieving an excellent response to therapy at final follow-up. However, a patient's age had a substantial impact on remission, such that young patients had a remission rate of 40.3% compared with 27.5% of old patients. Conversely, 53% of old patients had a structural incomplete response at final follow-up compared with only 32.6% of young patients. To attempt to explain the latter findings, we collected demographic, clinical, and pathologic characteristics of structural incomplete responders and performed a multivariate analysis. We found that old patients were enriched with poorly differentiated thyroid carcinomas, and they had larger tumors and more distant metastases at final follow-up, suggesting that even though all of the patients had been initially classified as being at high risk of recurrence, older patients seemed to have had a more aggressive disease. Despite this, age was an independent predictor of structural incomplete response to therapy in multivariate analyses. Interestingly, more neck dissections were performed in the young group with a structural incomplete response to therapy. This suggests that not only was the biology of the disease different in young vs old patients at high risk of recurrence but also that the surgical interventions were less aggressive in the old group with metastatic disease. The presence of distant metastatic disease in the overall context of more aggressive disease in elderly patients probably would have discouraged the surgeon from performing aggressive local neck resections when these would not have altered the overall prognosis.
The unique pattern of metastatic disease discovery, with approximately one-half of the patients having distant metastases discovered at diagnosis and the remaining one-half after initial therapy, is generally true for all highrisk patients (27, 28) . We did not find a substantial difference in the tropism of distant metastases by age, but young patients tended to have more lung metastases, whereas old patients tended to have more bone metastases. Approximately one-quarter of old patients presented with distant metastases before thyroidectomy. These were generally bone fractures or lung metastases that resulted in the diagnosis of metastatic thyroid cancer, whereas approximately one-quarter of young patients had mostly lung metastases discovered at the time of the initial radioiodine scan. When metastases were discovered after initial therapy, young patients tended to have them discovered later (3 years) than old patients (2 years). Fifty percent of old patients who presented with distant metastases died at 5 years compared with only 20% of young patients who presented with distant metastases. This effect of age on mortality in the presence of distant metastases may be related to comorbidities of the host or to a microenvironment in old patients that allows for metastatic disease to behave more aggressively.
The mortality rate of patients at ATA high risk of recurrence has been reported at ;16% (24). We had an overall comparable mortality rate of 17.8%. Age, however, was an important determinant of overall and disease-specific mortality risk. Whereas 32.3% of old patients died in this high-risk cohort, only 8.7% of young patients died after a median follow-up of 7 years. Old patients with a structural incomplete response to therapy had an 88% disease-specific mortality rate at 10 years compared with only 26% of young patients. The larger proportion of structural incomplete responders enriched with poorly differentiated thyroid carcinomas in the old group, and the higher percentage of older patients with distant metastatic disease at final follow-up probably contributed to this finding. However, our current findings and previous reports (7, 10, (29) (30) (31) (32) have adjusted for these factors and still found an independent association between age and thyroid cancer mortality. The mechanism by which increasing age is associated with increased mortality in thyroid cancer is unknown, but possible hypotheses include the higher frequency of the BRAF V600E mutation in the elderly population, telomerase reverse transcriptase promoter mutations enriched in fatal nonanaplastic thyroid cancer of the elderly that can co-occur with BRAF or RAS mutations, decreased avidity and response to RAI therapy in old patients, and impaired immune response in the elderly (33) (34) (35) (36) (37) .
As a result of the retrospective nature of this study, our data may have been incomplete or could have suffered from treatment bias by physicians regarding the selection of surgical or adjuvant therapies. However, only 33 of 728 initial patients had incomplete information for initial staging, and 144 patients had incomplete follow-up information. Both of these groups were excluded from the study. We believe that such a small proportion of patients with incomplete data would probably not have altered the overall results. Regarding the treatment selection bias, endocrinologists and surgeons at Memorial Sloan-Kettering Cancer Center work in a multidisciplinary team and share a unified approach to the management of high-risk patients, which would limit the treatment bias. A second limitation relates to the known referral bias of advanced patients to a tertiary referral center that may have resulted in higher metastatic and mortality events than seen in other settings. Even if this was the case, both young and old patients would have had the same standard of care, and the effect of age on response to therapy and on mortality in highrisk patients is likely independent of quality of care and generalizable to other high-risk cohorts. Finally, the overall number of deaths was limited. Despite this small number of death events, we had the power to build Kaplan-Meier curves stratified by response to therapy, age, and timing of metastases that proved very informative.
In conclusion, in this study, we report the effect of age on response to therapy and disease-specific mortality in a cohort of thyroid cancer patients within the ATA highrisk category. We describe that young patients achieve a higher rate of complete remission at final follow-up and a lower mortality rate than old patients, even in the presence of structural disease. Conversely, older patients have a larger proportion of structural incomplete responders to therapy that results in overall increased mortality of this group. We appreciate that a continuum of risk exists within all of the ATA categories, but given that age has such a strikingly different effect on response to therapy and disease-specific mortality in the high-risk group, we propose that age be incorporated as a variable in the ATA high-risk category to integrate prognostic information in a single stratification system and improve its power to predict response to therapy as well as mortality.
